Introduction
Revolutions in military tactics have altered the ways in which wars are waged. Swords and crossbows progressed to rifles, catapults to artillery, and large legions of fighters to small squads of soldiers. With these adaptations in military tactics, injury patterns sustained by combatants have also changed. For example, the incidence of ocular injuries has increased during combat from 0.65% of all injuries during the Crimean war of 1854-1856 to 13% during Operation Desert Storm in 1991 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Multiple explanations have been proposed for these changes, including the use of explosive fragmentation from artillery and aircraft rather than low-velocity projectiles shot from muzzle-loading rifles. Additionally, the arrangement of a fighting element has evolved from rows of soldiers fully exposed to enemy fire to single fighters wearing body armor, leaving the eyes and extremities relatively unprotected. Fortunately, the management of ocular injuries has significantly improved over the past several decades. This review highlights the ocular manifestations of combat ocular trauma (COT) seen during Operation Iraqi Freedom.
Initial evaluation and management
In today's modern battlefield, combat medics triage and stabilize injured soldiers and rapidly arrange for medical evacuation. The soldier is usually brought to a combat support hospital (CSH) by a medical evacuation helicopter or military ambulance. The CSH has a team of surgical specialists to include an anesthesiologist, ophthalmologist, otolaryngologist, neurosurgeons, orthopedic, and general surgeons. The majority of ophthalmic injuries are associated with concomitant life-threatening injuries. The soldier is quickly brought to the operating room for surgical stabilization and once hemodynamically stable, the initial eye evaluation and primary surgical repair are performed by an experienced ophthalmologist within hours of injury [14, 15, 16 ] . The assets within a CSH also include computed tomography (CT), which can rule out an open-globe injury as well as detect and localize orbital and intraocular foreign bodies [17] . Fourteen previously deployed ophthalmologists compiled their surgical and medical experiences in a recent article [16 ] outlining the evacuation process, evaluation, and treatment available in the deployed setting.
Epidemiology
Currently in Operations Iraqi and Enduring Freedom (OIF/OEF), ocular injuries are the fourth most common injury behind amputation, traumatic brain injury, and posttraumatic stress disorder [18] . The median age of COT patients during OIF/OEF is 25 years with men accounting for 96% of COT. Current ocular war injuries are commonly caused by explosions with fragmentary munitions. Fragmentary munitions are employed by both conventional and unconventional techniques. Unconventional fragmentary munitions have become a predominant weapon utilized during the current conflicts in Iraq and Afghanistan [14, 15, 16 ] . Recent articles have reported that combat ocular injury occurs from explosions with fragmentary munitions in 73-82% of cases, whereas noncombat ocular trauma secondary to explosive blasts occurs in 3% of cases [15,16 ,19,20] . Other common sources of injury during combat operations include gunshot wounds (11%) and motor vehicle accidents (5%) [16 ] .
Systemic injuries
Today's fragmentary explosive munitions cause four types of blast injuries. The primary blast wave causes an over pressurization shock wave which moves through air-filled parts of the body creating injuries such as tympanic membrane rupture. The secondary blast injury results from fragments propelled by the explosive material. These typically result in open-globe injuries and adnexal lacerations as well as penetrating injuries to the head, chest, or abdomen. The tertiary blast injury from the blast wind throws soldiers into other objects resulting in closed-globe injuries and orbital fractures. The blast wind also causes bone fractures and traumatic limb amputations. The quaternary blast injuries generate intense heat from the explosive material or ignition of flammable liquids, which can cause severe burns and respiratory injury. Another quaternary effect of a blast results from falling debris resulting in crush injuries to the head or face [21] .
Combat ocular trauma associated with other systemic injuries occurred in 329 of 387 (85%) injured soldiers during OIF/OEF. The most common systemic-associated injuries are traumatic brain injury (TBI) (66%), facial injury (58%), extremity injury (44%), traumatic limb amputation (12%), abdominal injury (8%), thorax injury (7%), and pelvic injury (4%). Burns were present in 5% of this patient population, averaging 11% of total body surface area [22 ] . This study, however, did not include severe burn patients who were evacuated to another institution for tertiary care. Thach et al. [23] also found concomitant high rates of upper extremity and facial injuries with retained intraocular foreign bodies.
Combat eye protection
The use of polycarbonate eye armor was shown to reduce the number of eye injuries during the Vietnam war [24] . The United States military issued Ballistic Laser Protective Spectacles (BLPS), Special Protective Eyewear Cylindrical System (SPECS), and Sun/Wind/Dust Goggles (SWDG) are now supplemented by commercially available products that are included in an authorized protective eyewear list (APEL) [25] . The APEL military and commercial spectacles and goggles meet the American National Standards Institute (ANSI) for optical/safety testing and ballistic-fragment protection in accordance with ANSI 87.1-2003 [26] . The use of combat eye protection reduces the chance of ocular injury from numerous small pieces of shrapnel that is common with current munitions [27] . Some explosions, however, are so powerful that the eye armor cannot prevent ocular injury but only decreases the severity [15] . Unfortunately, protective combat eyewear is not universally worn during combat for a variety of reasons [28] . During the first year of OIF, Thach et al. [23] had reported noncompliance or unknown use of eye protection in 85% of ocular injuries. Within the author's experience, soldiers had documentation of wearing eye protection during the time of injury in 24% of cases, whereas documentation on not wearing eye protection occurred in 34%. In a large percentage of cases (41%) eyes had unknown eye protection status at the time of injury [22 ] . The reasons for this large percentage was because of the fact that combat ocular trauma is associated with other injuries usually causing the soldier to remain unconscious and intubated from the time of injury to the initial ophthalmology exam. Witnesses of the injury usually do not accompany the injured soldier on the medical evacuation helicopter to the CSH to give an accurate history of eye protection. Furthermore, TBI with posttraumatic amnesia of eye protection compliance preceding an explosion is a very common finding. Explanations for the high numbers of patients not wearing eye protection includes soldiers complaining that protective eyewear can be unnecessarily bulky and burdensome, complaints of fogging of glasses during combat, and concerns that military-issued eyewear is not stylish. The APEL list has enabled soldiers to chose from a variety of options and thus increase compliance of eye protection use during combat.
Combat ocular injuries
The two most recent studies [15, 16 ] discussing ophthalmic injuries treated in the deployed setting have reported open-globe injuries and adnexal lacerations as the most frequent injuries. The results in both of these studies were from patients seen and treated at the CSH in Iraq. Thach et al. [16 ] reported 116 of 797 (15%) severe eye injuries undergoing enucleation, evisceration, or exenteration. Conversely, 322 (40%) eyes underwent primary closure of an open-globe injury, whereas 197 eyes (25%) suffered lid lacerations.
Closed-globe
Closed-globe trauma classification is often defined by zones I, II, and III according to the Ocular Trauma Classification Group and the Birmingham Eye Trauma Terminology system [29] [30] [31] . Zone I includes the conjunctiva and corneal surface. The authors determined the most common zone I injuries include corneal abrasions and retained foreign bodies in the conjunctiva or corneal epithelium/stroma [22 ] . Management of these injuries includes inspection and removal of exposed foreign bodies. Seidel testing confirms the absence of corneal perforation and assists in ruling out an open-globe injury; however, Seidel testing can be negative in self-sealing corneal wounds. Zone II includes trauma to the anterior chamber, lens, and pars plicata. Hyphema and traumatic cataract were the most common injuries in the tertiary referral center. Late manifestations of zone II injuries include angle recession glaucoma. When elevated, the intraocular pressure is controlled with topical aqueous suppressants. When necessary, anterior chamber wash-outs, reconstruction of anterior segment, and cataract surgery can be performed to rehabilitate the eye. Zone III injuries involve the vitreous cavity, retina, and optic nerve. Vitreous hemorrhage, traumatic macular hole, retinal detachment, and optic nerve injury are the most common zone III nonpenetrating ocular injuries seen at a single referral center (Fig. 1 ).
Open-globe
After careful clinical examination, CT scanning may raise the suspicion of an open-globe injury. However, the goldstandard for determining the presence or absence of open-globe injury is a complete globe exploration. Open-globe injuries are primarily repaired in Iraq and Afghanistan using an operating room microscope and microsurgical instruments. A complete globe exploration includes a 360 degree peritomy with isolation of the rectus muscles and careful inspection of the sclera. Orbital foreign bodies may be removed during the globe exploration ( Fig. 2a and b ). When present, globe lacerations are repaired as far posteriorly as possible [32] . Lacerations posterior to surgical exposure are not sutured for fear of extruding intraocular contents and will heal by scarring of the posterior orbital fat to the sclera. Corneal lacerations are frequently stellate wounds that may require suturing with 10-0 nylon with the addition of cyanoacrylate glue and/or patch grafting with processed human pericardium. Limbal lacerations require 9-0 nylon suture and scleral lacerations require 8-0 nylon suture for globe closure. Any intraocular foreign body (IOFB) protruding through the cornea or sclera is also removed. After surgical stabilization, patients are referred to a tertiary care center for continued rehabilitation. When the globe is irreparable, the military ophthalmologist will perform a primary enucleation or evisceration. A silicone sphere is the most common orbital implant following a primary enucleation. This implant is favored for its cleanliness, ease of placement, and low rate of late extrusion. Tenon's capsule and conjunctiva are sutured over the implant in a multilayered fashion [33] .
The ophthalmologist in the war zone will also perform an emergent lateral canthotomy/cantholysis if they encounter increased intraocular pressure associated with an orbital compartment syndrome. Lid lacerations with or without temporary tarsorrhaphy as well as canalicular injuries are also repaired in the theatre of combat operations.
Monocanalicular repair is performed using a Mini Monoka tube, whereas Crawford tubes are used when both canaliculi are lacerated by a piece of shrapnel [34] .
Neuro-ophthalmology/traumatic brain injury
The initial management of neuro-ophthalmologic injuries is usually based on penetrating versus closed head injury. Penetrating head injuries and some closed head injuries require emergent neurosurgery. Acute treatment of cranial nerve injury is limited to cranial nerve seven palsies that can induce exposure keratopathy if not aggressively managed with lubrication and/or tarsorrhaphy [35] . Recent information suggests that brain-injured soldiers without ocular injuries may suffer long-term diplopia, vision loss, and/or other visual changes without clinical findings [36 ] .
Tertiary care
When the soldier arrives at a tertiary referral center, the ophthalmologist performs a slit lamp exam and dilated fundus exam. Ancillary testing such as B-scan ultrasonography and a repeat CT may be requested, particularly following open-globe and oculoplastic/orbital injuries. A significant proportion of soldiers with COT are intubated and sedated shortly after their injury such that accurate initial visual acuity measurements occur 5-7 days after the injury [37] . Delay in extubation often results from multisystem trauma, particularly of the extremities, which may require frequent wound irrigation and debridements (as frequently as daily) prior to definitive wound closure. Additionally, those suffering penetrating brain injuries in addition to globe trauma may have prolonged recoveries. After accurate estimation of a patient's visual acuity and discussion between the patient and ophthalmic subspecialists regarding the most appropriate course of treatment, the patient may undergo any number of surgical procedures aimed at recovering vision.
The author's experience has been in managing the recovery of these patients in a tertiary setting, and we have found in decreasing prevalence, oculoplastic injury followed by closed-globe, open-globe, and finally neuro-ophthalmic injury. Many of the combat ocular injuries include a combination of globe and periocular injury [22 ] .
Closed-globe
The majority of anterior segment closed-globe injuries require observation only. During the war, indications for surgery in cases of closed-globe injury include retinal detachment, nonclearing vitreous hemorrhage, traumatic cataract, and traumatic macular hole. Late surgical intervention for closed-globe injuries includes Baerveldt glaucoma drainage implants for cases of angle recession glaucoma. Secondary open-globe repairs are often delayed for 10-14 days from the time of the injury. There are many reasons to delay vitreoretinal surgery repair in war injuries. Foremost, the authors believe that accurate estimation of visual acuity must be obtained in order to most effectively counsel patients and their families prior to undergoing vitreoretinal surgery. Thus, as in nearly all cases of posterior segment trauma, surgery is delayed until patients are extubated and weaned from sedation. Secondly, with regard to vitreoretinal limitations in Iraq, the operating room time and support personnel are needed for other life-threatening conditions so the surgical focus for globe injuries is in achieving a water-tight closure prior to evacuation for definitive surgery. Lastly, a soldier's medical evacuation by air would be delayed by use of intraocular air or gas following a pars plana vitrectomy. Recent studies have shown that delayed IOFB removal has equal visual acuity outcomes and proliferative vitreoretinopathy rates compared to published articles of combined primary and secondary globe repair [22 ,38 ] . These studies have also reported no cases of endophthalmitis or siderosis bulbi despite this delay ( Fig. 3a-f ).
Perforating injuries are usually secondarily repaired between 7 and 14 days following the injury. In a recent study, perforating combat globe injuries have the worst visual outcomes with 91% worse than best corrected visual acuity (BCVA) of 20/800 [39 ] . These poor results are thought to be related to the degree of kinetic energy exerted by perforating globe injuries resulting from combat trauma. Small needle-like projectiles are unlikely to cause injury in combat ocular trauma. Instead, large blasts with numerous dull-edged stone particles may pass through the globe and lodge in the posterior orbit or brain following perforating globe injury. Thus, attempts at primary closure may temporarily be water-tight, but the degree of globe injury, vascular compromise, and trauma to the optic nerve cannot be overcome.
Oculoplastic
A repaired open-globe injury with no light perception visual acuity may be enucleated within 14 days after the injury to avoid the risk of sympathetic ophthalmia. Only one case of sympathetic ophthalmia has been reported secondary to OIF/OEF [40] . Orbital fracture repairs are performed in cases of enophththalmos or large (>50%) orbital floor fracture. Secondary eyelid reconstruction surgery is sometimes necessary for problems related to exposure keratopathy or chronic epiphora, especially in burn victims. During the acute phases of exposure keratopathy, tarsorrhaphy techniques are used to maintain a healthy ocular surface. Later, when the globe status is more stabilized, permanent techniques such as lid recon-struction with full-thickness skin grafts, hard palate grafts, or cadaveric implants are used to reconstitute anatomic function of the eyelids.
Neuro-ophthalmology/traumatic brain injury
Optic nerve injury from optic nerve avulsion or traumatic optic neuropathy has been reported to occur in 3% of combat eye injuries [16 ] . In the author's experience, high-dose corticosteroids have not been utilized because of the high rates of comorbidities and lack of evidence supporting their use. During the follow-up period in the tertiary referral center, the incidence of traumatic optic neuropathy is found in 21% of injured eyes and contributes significantly to poor visual outcomes [22 ] . Strabismus surgery is needed to re-align the extraocular muscles when chronic diplopia occurs within the central 20 degrees of the visual field.
A post-deployment TBI screening tool has been developed and aggressively used to screen all soldiers for signs or symptoms of TBI following injury. All patients with a positive TBI screen but without ocular trauma are referred to optometrists for comprehensive eye examinations to further evaluate for ocular signs of TBI (delayed reading speed and impaired reading ability, reduced accommodation amplitude, diplopia, visual special deficits, symptoms of photophobia, blurred vision, or headaches). Goodrich et al. [36 ] have published accommodation/convergence dysfunction as the most common symptoms of visual dysfunction secondary to combatrelated TBI. In our experience, BCVA was not affected by the presence of combat-related TBI.
Visual outcomes
Colyer et al. [38 ] have published the visual outcomes of IOFB and perforating injuries during OIF/OEF. IOFB injuries retained 20/40 or better visual acuity in 52% of cases, whereas 25% remained worse than 20/200 [38 ] . The majority of poor visual outcomes were secondary to perforating injuries that were addressed in a second publication. Only 21% of perforating injuries with preoperative light perception or better visual acuity had a final BCVA better than 20/200 and a 61% PVR rate [39 ] .
The author's research [22 ] has found that 42% of combat globe injuries have a BCVA !20/40 at 6 months after injury. We found that enucleation was performed in 61 of 432 (14%) consecutive globe injuries. 
Conclusion
Today's current wars have unique injury patterns secondary to widespread use of high explosive fragmentary munitions with severe ocular blast injuries. Globe and oculoplastics injuries are common with high rates of polytraumatic injuries. Despite aggressive eye protection promotion, soldiers continue to sustain severe ocular injuries. Fortunately, favorable visual outcomes occur in the majority of IOFB, closed-globe, oculoplastic, and neuro-ophthalmic injuries. Poor visual outcomes are common from perforating open-globe injuries. Even in the absence of overt ocular trauma, some patients note subjective visual complaints associated with brain injury. These findings highlight recent data regarding findings in ocular trauma. Future work aims to improve patient tracking systems of ocular injuries as well as offer novel strategies in the treatment of the most severely traumatized eyes.
